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Abstract
Sepsis is associated with increased expression of TNF-α with subsequent activation of nuclear factor-
kappa B (NF-κB). The glucocorticoid receptor (GR) and NF-κB function as mutual antagonists and
induction of the latter is believed to play a major role in the acquired glucocorticoid resistance that
occurs in some septic patients. GR expression and function has been reported to be elevated in septic
muscle suggesting a limited effect of the activated NF-κB on GR function in this context. In this
study, the L6 myocyte cell line was used as an in vitro model for a sepsis-like condition in skeletal
muscle. While short or long term treatment with TNF-α had no effect on GR expression,
glucocorticoid-dependent downregulation of GR occurred with a kinetic profile that is accelerated
relative to that observed in most cells. This downregulation was not affected by co-treatment or prior
priming of L6 cells with TNF-α. The synthetic glucocorticoid, dexamethasone (DEX) blunted TNF-
α-stimulated NF-κB activation in L6 cells. However, although effective at activating an NF-κB
transcriptional response, TNF-α treatment exerted a minimal effect in myoblasts and no effect in
myotubes on GR transcriptional activity. This limited impact of TNF-α on GR activity was not
universal as TNF-α and DEX exerted an additive effect on the reduction in myosin heavy chain
(MHC) protein expression caused by either agent alone. Thus, the selective perseverance of GR
function in the presence of increased levels of glucocorticoids and TNF-α during sepsis or other
inflammatory states may exacerbate muscle protein breakdown.
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1. Introduction
Glucocorticoid responsiveness is regulated at the cellular level by alterations in expression and
accumulation of the glucocorticoid receptor (GR) protein. In many situations, a direct
correlation exists between the number of receptors and the magnitude of glucocorticoid
response [1,2]. Specifically, the magnitude of the transcriptional response elicited by GR in
vitro has been shown to be directly proportional to the number of receptor molecules per cell
[3]. Regulation of GR expression by its ligand has been documented in a variety of cell lines,
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intact animals, and humans. Chronic GC treatment typically leads to downregulation of GR
levels both in cell culture and in intact tissue [4]. This homologous downregulation of the
receptor reflects GC effects on both GR gene transcription [5,6], and protein turnover [7,8].

Sepsis is associated with tissue-specific changes in GR responsiveness. It's been shown that
GR levels declined by about 40, 56, and 40% in septic liver, brain, and muscle cytosol,
respectively [9]. However, other studies [10] reported increased expression and binding activity
of GR in septic muscle tissue. Tian and co-workers recently showed that GR gene transcription
in L6 myocytes in vitro is upregulated by treatment with sera from septic rats in a manner
similar to that measured in septic rats in vivo [11]. Furthermore, Hasselgren and Fischer [12]
showed that dexamethasone (DEX) stimulates proteasome- and calcium-dependent proteolysis
in the same cells [13]. Other studies [12,14] confirmed that sepsis induces proteolysis by
activation of the ubiquitin–proteasome system, and that this activation was regulated by GCs
[15]. These findings represent a unique situation where the increased GC levels described with
sepsis are associated with upregulated GR levels in muscle cells, in contrast to most cells,
where increased GCs levels are associated with GR downregulation.

Nuclear factor (NF-κB) is the major transcription factor that regulates the expression of the
genes encoding proinflamma-tory mediators and molecules that are produced excessively in
sepsis. GR and NF-κB function as mutual transcriptional antagonists [16] modulating the
effects of each other especially on the immune system. Tumor necrosis factor-α (TNF-α), a
cytokine product of monocytes and macrophages is a rapid and potent activator of NF-κB. In
previous in vitro experiments [17], treatment of cultured L6 muscle cells with TNF-α resulted
in activation of the transcription factor NF-κB.

Sepsis, cancer, and many inflammatory conditions are associated with multiple metabolic
changes in skeletal muscles with subsequent muscular protein loss and muscle cachexia.
Numerous studies showed that glucocorticoids and cytokines play a major role in this protein
loss particularly the myosin heavy chain (MHC) [18,19]. Thus MHC expression changes follow
the same pattern as muscle mass, providing an attractive molecular model to study the effects
of glucocorticoids and cytokines on muscle protein metabolism [20]. Effects of interaction
between increased GCs and cytokines (such as seen in sepsis) on muscle protein regulation
have not been examined in detail.

In order to model the impact of sepsis in skeletal muscle in vitro, we used the L6 rat skeletal
muscle cell line. The L6 line expresses many features of myoblasts and can be differentiated
to form myotubes in vitro. Furthermore, TNF-α treatment of L6 cells results in activation of
the NF-κB transcription factor, which is one of the responses that accompanies a septic state
in skeletal muscle. L6 cells also express GR and therefore, provide a suitable model to examine
the impact of cytokines on glucocorticoid action in muscle [10,11].

2. Methods and materials
2.1. Cultured L6 cells

L6 rat skeletal muscle cells were purchased from the American Type Culture Collection
(Rockville, MD). Cells were thawed and maintained at low density in 10-cm diameter culture
dishes and were used between passages 2 and 10. Cells were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% charcoal stripped fetal bovine serum (C/S
FBS) [proliferation medium, PM]. For myotube studies, differentiation was induced by
changing medium to DMEM with 2% C/S FBS [differentiation medium, DM]. After 3 days,
when approximately 90% of the cells formed myotubes, the cells were treated with 10 μM
cytosine arabinoside (Sigma–Aldrich, Inc., Saint Louis, MO) for 48 h to eliminate residual
dividing myoblasts.
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2.2. Luciferase and renilla assay in transiently transfected cells
Myoblasts were plated at 50 × 104/well in 6-well plates. The following day, the medium was
changed to Opti-MEM I. Precipitated plasmid was prepared 30 min before addition to cells
and consisted of a glucocorticoid-responsive luciferase reporter plasmid [pMMTV-luc] 0.4
μg or a NF-κB-responsive luciferase reporter plasmid [NF-κB-luc] 0.5 μg, and a renilla reporter
plasmid 0.05 μg. Plasmid was diluted in Opti-MEM I and lipofectamine (Invitrogen Corp.,
Carlsbad, CA) was added. Cells were incubated for 3 h after with the DNA/lipofectamine
mixture and then additional Opti-MEM I with 20% C/S FBS was added.

For myoblast studies, medium was changed the next day to PM. For myotubes studies, medium
was changed to DM and cells were allowed to differentiate as discussed above.

Whole-cell extracts, prepared using the Luciferase Assay Buffer (Promega Corp., Madison,
WI), were assayed for luciferase and renilla activity at various times after treatment with DEX
or mouse recombinant TNF-α (Sigma–Aldrich, Inc., Saint Louis, MO). To correct for variation
in transfection efficiency, values of the luciferase assay were normalized with measured renilla
activities. The promoter driving renilla expression is not regulated by glucocorticoids or TNF-
α.

2.3. Western blot analysis
For myoblast studies, cells were plated at a density of 50 × 104 in 35 mm dish for 2–3 days to
reach confluence before starting the experiment. For myotube studies, cells were plated
similarly but were allowed to differentiate into myotubes as described above. Cells were treated
with DEX or TNF-α at different concentrations for various periods as indicated below. Cells
were washed three times with PBS and whole-cell extracts were obtained by scrapping the
cells after adding protein sample buffer. Equal amounts of total lysate protein were loaded onto
sodium dodecyl sulfate 7.5% polyacrylamide gels and subjected to electrophoresis. Separated
proteins were transferred to Immobilon-P membranes (Milipore Corp., Bedford, MA) and
subjected to Western blot analysis to detect GR, actin, or myosin heavy chain (MHC). Actin
levels were determined to control for equal loading of the lanes. The BuGR2 anti-GR
monoclonal antibody was used to detect GR, whereas C-2 actin monoclonal antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) was used to detect actin. MHC was detected using
MHC (fast) antibody (Vector Lab, Inc., Burlingame, CA). Peroxidase-conjugated goat anti-
mouse IgG was used as a secondary antibody (BioRad). Immunoreactive bands were visualized
on Western blots using enhanced chemiluminescence (ECL) kit (NEN Life Science Products,
Boston, MA). In some cases, ECL signals were quantified by densitometry (Personal
Densitometer SI, Molecular Dynamics) and analyzed using Image Quant 5.2 software.

3. Results
3.1. Dexamethasone-induced GR downregulation

Chronic exposure of cells in vitro and in vivo to glucocorticoid hormone is typically associated
with downregulation of GR protein levels that can reflect negative effects on both GR gene
transcription [5,6] and protein turnover [7,8]. Previous studies in L6 cells suggest that increased
levels of GCs seen in sepsis are associated with increased level of GR protein and mRNA in
septic muscles [11]. We therefore, used Western blot analysis to examine the glucocorticoid
effects on steady state levels of GR protein. As shown in Fig. 1, DEX treatment of L6 myotubes
or myoblasts with 10−6M DEX for up to 24h (Fig. 1A) or up to 72h (Fig. 1B) resulted in
downregulation of GR reaching its nadir after 24 h. This downregulation of GR protein
expression required the continuous presence of hormone as GR levels were restored following
the removal of DEX (data not shown). A dose response analysis established that a significant
reduction of GR protein occurred with physiological doses of glucocorticoid (Fig. 2A). Thus,
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muscle cells in vitro do not appear to be immune to glucocorticoid-induced GR downregulation.
In fact, the downregulation of GR protein by DEX treatment of L6 muscle cells was more rapid
than other cultured cells typically examined for GR downregulation [21,22]. Significant
reductions in GR protein levels were noted within 1h (Fig. 1C). This apparent heightened
sensitivity of GR to hormone-induced downregulation does not limit the transactivation activity
of the receptor, at least from a transiently transfected glucocorticoid responsive MMTV
promoter (Fig. 2B). A similar pattern of GC-induced transcription of GR in L6 myocytes has
been reported by Sun et al. [11].

3.2. TNF-α effect on GR function
In many cell culture models, activation of NF-κB, particularly by cytokines like TNF-α inhibits
GR-induced transcription [23]. Given the recent reports of sepsis-induced increased expression
and transcription of GR in skeletal muscle cells [10,11], we examined whether GR function
was affected upon TNF-α activation of NF-κB in both L6 myoblasts and myotubes. Treatment
of L6 myotubes or myoblasts with increasing doses of TNF-α for 12h (Fig. 1A) or 72h (Fig.
1B) did not result in a significant decrease of GR protein levels. Simultaneous treatment of L6
myoblasts with DEX and TNF-α did not affect the extent or kinetics of GR downregulation
that was observed upon treatment with DEX alone (Fig. 1B).

Furthermore, priming of L6 myoblasts with increasing doses of TNF-α for 12h prior to
treatment with DEX did not alter the profile of DEX-dependent downregulation of GR (Fig.
3). This priming was done to ensure adequate activation of NF-κB system by TNF-α prior to
DEX exposure. We chose to focus our studies on cells primed with TNF-α since DEX effects
on GR downregulation in L6 cells were quite rapid (Fig. 1).

Since hormone-induced downregulation of GR protein was not affected by TNF-α in L6 cells,
we assessed the impact of this cytokine on DEX-induced GR transactivation. L6 myocytes
were transfected with a GR-dependent reporter plasmid (pMMTV-Luc) and a Renilla control
plasmid. After transfection, cells were exposed to DEX 10−6M for 6h following a 12h priming
period with increasing doses of TNF-α. As anticipated, DEX induced transcription in L6
myotubes and myoblasts (Fig. 4). This transcription was not affected when myotubes were
primed with increasing doses of TNF-α for 12h (Fig. 4A). On the other hand, such priming led
to some decrease (∼32%, P 0.01) of the DEX-induced transcription in myoblasts (Fig. 4B).

3.3. Glucocorticoids interfere with NF-κB function in L6 myoblasts and myotubes
To ensure that NF-κB was appropriately induced by TNF-α, L6 myotubes and myoblasts were
transiently transfected with an NF-κB-responsive reporter plasmid and then treated with
increasing doses of TNF-α for 12 h. Fig. 5A and B illustrates the increased transcription from
the NF-κB reporter consistent with induction of NF-κB by TNF-α in L6 myotubes and
myoblasts, respectively. In contrast to the lack of effect (in myotubes) or limited effect (in
myoblasts) of a TNF-α-mediated NF-κB induction on GR function in L6 cells (see above),
treatment of L6 myotubes (Fig. 6A) or myoblasts (Fig. 6B) with 10−6M of DEX for 6h leads
to a significant reduction of NF-κB transactivation (48 and 44%, respectively). Thus,
glucocorticoids are effective inhibitors of NF-κB activation in L6 cells.

3.4. The effects of TNF-α and DEX on MHC expression
Degradation of MHC is a major contributor to skeletal muscle protein catabolism seen in sepsis
[24]. GCs and cytokines play a major role in muscle protein loss seen in different pathological
conditions with selective loss of MHC [18,19]. Since DEX treatment of L6 cells limits the
action of TNF-α as assessed by NF-κB activation, we assessed the impact of DEX and TNF-
α, either alone or in combination on steady state levels of MHC. As shown in Fig. 7A and B,
both DEX and TNF treatment leads to reduced levels of MHC in both L6 myotubes and
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myoblasts, respectively. Interestingly, a combined treatment with DEX and TNF-α generates
a more significant loss of MHC expression than any treatment alone. Thus, although
glucocorticoids can limit one aspect of TNF-α action in L6 cells (i.e. TNF-α induced activation
of NF-κB), a combined exposure of L6 cells to these inflammatory mediators heightens the
muscle wasting phenotype of either agent alone, as reflected in a dramatic loss of MHC protein.

4. Discussion
In contrast to previous studies [10] where increased expression of GR in septic muscle
accompanied an increase in serum GCs, our present study shows that DEX at different
concentrations and for different periods induced downregulation of GR in L6 muscle cells.
This hormone-dependent downregulation of GR is consistent with reports in numerous cell
types and confirms that in the L6 cell model of skeletal muscle, glucocorticoid responsiveness
has the capacity to be limited under conditions of chronic hormone treatment via reduced
expression of GR. The presence of TNF-α did not affect hormone-dependent downregulation
of GR in L6 cells suggesting that in vitro cytokine-mediated NF-κB activation partially
mimicking a septic state may not alter GR processing.

The L6 muscle cells are unique in the rapid induction of GR downregulation following hormone
treatment. Glucocorticoids enhance GR ubiquitylation and delivery of GR to the proteasome
[25], but the mechanisms responsible for linking hormone activation to receptor ubiquitylation
and protea-some degradation are unknown. The association of hormone activated steroid
receptors with the transcriptional machinery participates in the ultimate delivery of the receptor
to the proteasome for degradation [26-28]. GR is an effective trans-activator in L6 cells but
may be more efficiently linked to the ubiquitin–proteasome system at various stages. The L6
cells may provide a useful model for more detailed analysis of the coupling between steroid
receptor transactivation and degradation.

TNF-α exerted a limited effect in myoblasts and no effect in myotubes on the ability of GR to
activate transcription from a transiently transfected reporter plasmid. This was unexpected
since TNF-α is a known stimulant of NF-κB, a transcription factor that is known to be a strong
antagonist of GR transactivation activity. Thus, in the L6 cells, GR escapes the antagonism by
NF-κB. This limited effect of TNF-α on GR trans-activation was similarly seen in a recent
study when HeLa cells were transiently transfected with GC-responsive MMTV11-Luc
reporter plasmid, and then treated for 16 h with DEX in the presence or absence of increasing
concentrations of TNF-α [29].

Transfection studies with an NF-κB-responsive promoter confirmed appropriate induction of
NF-κB by TNF-α in L6 muscle cells. However, treatment of L6 cells with DEX significantly
suppressed transcription of TNF-α-induced NF-κB activation. This effect of DEX is mediated
through the action of GR against NF-κB by different mechanisms [30]. This includes induction
of gene transcription and synthesis of the NF-κB inhibitor IκB, which binds to NF-κB in the
cytoplasm and prevents its activation and nuclear translocation. Activated GR also antagonizes
NF-κB by directly complexing with, and inhibiting NF-κB binding to DNA (simple model),
or through associations with NF-κB bound to an NF-κB DNA site (composite model). In
addition, GR may also compete with NF-κB for nuclear coactivators (competition model). The
mechanism responsible for GR antagonism of NF-κB action in L6 cells awaits further studies.

Proinflammatory cytokines, especially TNF-α play a key role in the pathophysiology of sepsis
[31], including adrenal insufficiency and acquired glucocorticoid resistance. Previous studies
[10,11] and our study suggest that this may not hold true in all tissues especially skeletal muscle
cells where GR shows normal processing and transcription activities. In fact, the increased
GCs levels seen in sepsis could lead to increased GR transcription in muscle cells. Furthermore,
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enhanced GR activation in muscle cells may be insensitive to feedback control by NF-κB the
pathway. This may contribute to the metabolic derangements seen with sepsis, such as hyper-
glycemia, insulin resistance, increased free fatty acids, and proteolysis.

MHC is an important muscle contractile protein. Loss of MHC leads to decreased functional
contractile units in the muscle with subsequent muscle wasting. Degradation of MHC is a major
contributor to skeletal muscle proteolysis seen in sepsis [25]. Similarly, its loss has been
described recently to play a significant role in cancer-related muscle cachexia [18,32]. This
muscle wasting, which is resistant to improved nutrition, is also seen in other inflammatory
conditions and plays a major role in their morbidity and mortality. In our study, we showed
for the first time that DEX and TNF-α cooperatively suppressed MHC expression in L6
myotubes and myoblasts. DEX inhibited TNF-α-induced activation of NF-κB. Yet, at the same
time DEX acted in synchrony with TNF-α to aggravate further decrease of MHC expression.
The synchronized inhibitory effect of DEX and TNF-α on MHC expression suggests that the
antagonism between glucocorticoids and TNF-α is not universal; glucocorticoids and TNF-α
were also shown to regulate cooperatively toll-like receptor 2 gene expression [33].
Glucocorticoids as NF-κB antagonist appear to modulate the action of different inflammatory
mediators. Yet, at the same time glucocorticoids may act in synchrony with TNF-α to aggravate
muscle protein loss.

Recent studies suggest that GCs and TNF-α may utilize distinct pathways to induce muscle
protein loss. Specifically, in C2C12 mouse myoblast cell line TNF-α treatment leads to a NF-
κB mediated induction of the E2 ubiquitin-conjugating enzyme UbcH2 [34]. Furthermore,
DEX-induced muscle atrophy in the C2C12 cell line is mediated by induction of the ubiquitin
ligase atrogin-1, brought about by the relief of AKT induced inhibition of the Foxo transcription
factors [35]. If these mechanisms operate to bring about the additional effects of DEX and
TNF-α on MHC protein loss in L6 myoblasts and myotubes, both GR and NF-κB mutual
antagonism may be directed towards these targets.

Cytokines especially TNF-α may not be the only culprit in the muscle cachexia seen in
inflammatory conditions, and may have indirect effect through stimulation of increased
secretions of glucocorticoids. The latter may lead to further muscle loss through actions of GR,
especially when pharmacological doses are added to control the inflammation. Thus, cell-
specific or gene-specific positive interactions between GR and NF-κB may operate in some
pathological conditions to enhance muscle loss.
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Fig. 1.
Effects of DEX and TNF-α on GR expression in L6 cells. Total protein in whole cells lysates
was separated by SDS-PAGE and subjected to Western blot analysis to detect GR or actin.
Representative blots are shown. Treatment with DEX 10−6M for various intervals, 1–24h in
(A) or 24–72h in (B) led to downregulation of GR. In (C) Western blots were quantified by
densitometry and GR levels were expressed relative to actin. Results shown are the mean of
three independent experiments ± S.E.M. *P < 0.02 when compared to no hormone sample.
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Fig. 2.
(A) Effects of DEX on GR expression in L6 myoblasts. Treatment of L6 myoblasts with
increasing doses of DEX for 6h led to a gradual increase of GR downregulation. Total protein
in whole cells lysates was separated by SDS-PAGE and subjected to Western blot analysis to
detect GR or actin. Blots were quantified by densitometry. Results shown are the mean of three
independent experiments ± S.E.M. (B) Effects of DEX on GR transcription in L6 myoblasts.
Cells were transfected with a GR-dependent reporter plasmid (pMMTV-Luc) and Renilla
control plasmid. After transfection, cells were exposed to increasing concentrations of DEX
(10−10 to 10−6M) for 8h. To correct for variation in transfection efficiency, values of the
luciferase assay were normalized with measured renilla activities. Luciferase assays in
individual transfections were performed in duplicate. Results shown are the mean of three
independent experiments ± S.E.M.

Dekelbab et al. Page 10

Steroids. Author manuscript; available in PMC 2008 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
L6 myoblasts were primed with increasing doses of TNF-α for 12h before adding DEX
10−6M for 6h. Total protein in whole cells lysates was separated by SDS-PAGE and subjected
to Western blot analysis to detect GR or actin. Representative blot of two independent
experiments is shown.
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Fig. 4.
Effects of TNF-α on GR transcription in L6 myotubes (A) and myoblasts (B). L6 myoblasts
were transfected with a GR-dependent reporter plasmid (pMMTV-Luc) and Renilla control
plasmid. After transfection, cells were exposed to DEX 10−6M for 6h after 12h priming period
with increasing doses of TNF-α. Differentiation of myoblasts into myotubes was performed
following transfection. To correct for variation in transfection efficiency, values of the
luciferase assay were normalized with measured renilla activities. Luciferase assays in
individual transfections were performed in duplicate. Results shown are the mean of three
independent experiments ± S.E.M. *P < 0.01 when compared with DEX treatment in absence
of TNF-α.
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Fig. 5.
Effects of TNF-α on NF-κB transcription in L6 myotubes (A) and myoblasts (B). L6 myoblasts
were transfected with NF-κB-dependent reporter plasmid and Renilla control plasmid. After
transfection, cells were exposed to increasing concentrations of TNF-α for 12 h. Differentiation
of myoblasts into myotubes was performed following transfection. To correct for variation in
transfection efficiency, values of the luciferase assay were normalized with measured renilla
activities. Luciferase assays in individual transfections were performed in duplicate. Results
shown are the mean of three independent experiments ± S.E.M.
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Fig. 6.
Effects of TNF-α and DEX on NF-κB transcription in L6 myotubes (A) and myoblasts (B). L6
myoblasts were transfected with a NF-κB-dependent reporter plasmid and Renilla control
plasmid. After transfection, cells were exposed to 20 ng/ml of TNF-α for 12h followed by DEX
10−6M for 6h. Differentiation of myoblasts into myotubes was performed following
transfection. To correct for variation in transfection efficiency, values of the luciferase assay
were normalized with measured renilla activities. Luciferase assays in individual transfections
were performed in duplicate. Results shown are the mean of three independent experiments ±
S.E.M.
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Fig. 7.
Effects of TNF-α and DEX on MHC expression in L6 myotubes (A) and myoblasts (B). Cells
were treated 10–6M of DEX, 20 ng/ml of TNF-α or both for 48 h (TNF-α was added at 0 and
24 h to ensure its continuous effect). Total protein in whole cell lysates was separated by SDS-
PAGE and subjected to Western blot analysis to detect MHC or actin. Results were quantified
by densitometry. Data shown are the mean of eight (myotubes) and three (myoblasts)
independent experiments ± S.E.M.
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